Abstract Human endogenous retroviruses (HERVs) represent vestiges of ancient infections that resulted in stable integration of the viral genome. These insertional elements of viral origin are in fact molecular fossils and, as such, a source of evolutionary information. A family of HERV insertions designated HERV-K includes members that are still polymorphic for the original insertional event. The goal of this report is to describe a novel genetic marker system based on polymorphic retroviral insertions (PRVIs) and to assess its potential usefulness in human population genetic analyses. The allelic frequencies of four insertionally polymorphic HERV-K loci were analyzed in nine geographically targeted, worldwide populations. A polymerase chain reaction assay was employed to examine the frequencies of the provirus and/or solo long terminal repeat insertions at these four loci. Several statistical and phylogenetic analyses were performed based on the frequency data. The phylogenetic relationships observed among the nine populations based on the four retroviral HERV-K loci are consistent not only with prior genetic analyses with other traditional marker systems but also with reported historical and biogeographical data. These polymorphic endogenous retroviral sequences display features that make them excellent tools for forensic and population genetic studies.
Introduction
Human endogenous retroviruses (HERVs) are transposable genetic elements that are believed to be the remnants of exogenous retroviral infections that, subsequent to insertion, amplify and disperse (Von Sternberg et al. 1992; Leib-Mosch and Seifarth 1996; Lö wer et al. 1996; Patience et al. 1997) . Sequence analysis of different retroelements suggests that approximately 40 million years ago, prior to the separation of Old World and New World monkeys, the primate germline experienced a sharp peak in retroviral integrations, yet currently the rate of insertion is much lower (Lander et al. 2001) . At least 22 distinct HERV families have been identified (Tristem 2000) occupying approximately 7% of the human genome (Smit 1996; Bock and Stoye 2000) . Their prototypical structure contains gag, pol, and env genes flanked by two identical long terminal repeats (LTRs). However, HERV elements are often truncated, and in many cases only one LTR (solo-LTR) remains as vestige of the original provirus. Recombination involving the LTRs usually results in the deletion of the three viral open reading frames and one of the two LTRs. The persisting LTR is the solo-LTR.
It has been suggested that HERVs may contribute to the development of cancer and autoimmune diseases in humans (Lo¨wer 1999; Dunn et al 2003) . Nonpathogenic effects of endogenous retroviruses, such as protection against exogenous retroviral infection (Lo¨wer 1999; Sverdlov 2000; Dunn et al 2003) and participation in the formation of the placenta (Villareal 1997; Chen et al. 2000) , have also been proposed. In addition, transposable elements, like HERVs, have been shown to lead to increased genetic variability. Thus, it is possible that they may play a role in the evolution of the host organism (McDonald 1995; Brosius 1999) . LTRs contain control elements for the expression of DNA and cases have been described where HERV elements affect the expression of adjacent genes (Brosius 1999) . The fortuitous insertion of these elements throughout the genome may also have had a significant impact on the evolution of the human lineage (Hughes and Coffin 2004) .
The LTRs at either end of a provirus are identical at the time of insertion. Therefore, the degree of sequence divergence between any such pair of LTRs can be used as a measure of the time elapsed since the insertion event. Various methods of dating HERV insertions have been developed to reconstruct interspecific phylogeny (Medstrand and Mager 1998; Barbulescu et al. 1999; Johnson and Coffin 1999; Hughes and Coffin 2004) . One method of dating (Johnson and Coffin 1999) estimates the time of integration on the basis of the sequence differences between 5¢ and 3¢ LTRs. The rate of substitution employed in these calculations are in the order of 2.3·10
À9 to 5·10 À9 substitutions per site per year (Johnson and Coffin 1999) . One of the subdivisions within the HERV viruses is the HERV-K family. While the HERV-K family is estimated to be as much as 50 million years old (Lavie et al. 2004) , the HML-2 subfamily of HERV-K dates to roughly 28 million years ago (Reus et al. 2001) . Members of the HML-2 subfamily are seen in Old World monkeys, apes and humans, but not in New world monkeys. Phylogenetic trees based on sequence data from HERV-K elements of primate species generate topologies consistent with established evolutionary phylogeny (Johnson and Coffin 1999; Jordan and McDonald 2002) . Several studies indicate that the spread and amplification of distinct HERV-K families and subfamilies have occurred at different times during the evolution of the lineage leading to modern humans (Wilkinson et al. 1994; Medstrand and Mager 1998; Sverdlov 2000; Jordan and McDonald 2002) .
The HML-2 subfamily has been phylogenetically examined (Medstrand and Mager 1998; Turner et al. 2001; Budzin et al. 2003; Macfarlane and Simmonds 2004) resulting in the subdivision of this HML-2 group into several subtypes. One of these subtypes of HML-2, Cluster 9 in Medstrand and Mager (1998) , had its origin about the time of separation of the human and the Great Ape lineages, and seems to encompass the most recent of the HERV-K integrations. All but one of the known members of this subtype are human-specific. Some human-specific HML-2 elements have been reported to exhibit insertional polymorphisms for both full-length proviral elements and/or solo-LTRs (Hughes and Coffin 2004) . Recently, polymorphic HERV-K loci have been employed in a number of human population studies. For example, phylogenetic analyses using HERV-K polymorphisms have corroborated the greater genetic diversity in sub-Saharan Africa (Macfarlane and Simmonds 2004) . Mamedov et al. (2004) have also used these markers to characterize Russian populations and to contrast them to African groups. Autosomal haplogroups involving single nucleotide polymorphisms (SNPs) within HERV-K open reading frames (ORFs) have also been used to study several human populations (Mayer et al. 2005) .
Insertionally polymorphic HERV elements possess three attributes of value for human phylogenetic analyses. First, the age of insertions can be estimated by assessing the nucleotide sequence divergence of the homologous LTRs. Second, the ancestral state, the lack of insertion, is known. Third, since HERV integrations are unique and irreversible events, individuals sharing any given insertion are related by descent not just by state. Even if a provirus is truncated, it usually leaves behind sequence vestiges in the form of solo-LTRs.
The goal of this study is to ascertain the potential usefulness of polymorphic HERV-K insertions in human population genetic analyses. Nine geographically targeted, worldwide human populations were examined for their allelic frequencies at four polymorphic retroviral insertions (PRVIs). The elements studied were HERV-K 113 (Turner et al. 2001) , HERV-K 115 (Turner et al. 2001) , Z80898a (Medstrand and Mager 1998) and HERV-K 11q22 (Hughes and Coffin 2004) . The HERV-K 113 and HERV-K 115 insertions represent full-length proviruses while Z80898a is a solo-LTR remnant. The 11q22 PRVI exhibits two variants of the proviral insertion as well as three versions of the soloLTRs. In the present study, we only scored the 11q22 insertions as provirus and solo-LTR. By analyzing nine worldwide populations for these polymorphic HERV-K insertions, we are introducing a new system for studying human phylogenies.
Materials and methods

DNA samples and populations
Samples of blood were taken from healthy, unrelated, autochthonous individuals from the populations of the Basque Country in Spain, Cameroon, China, Egypt, Galicia in Spain, Kenya, Oman, Rwanda, and Taiwan (Ami aborigines). The samples were collected as whole blood in EDTA vacutainer tubes in adherence with the guidelines set forth by Florida International University's Internal Review Board. Table 1 illustrates the geographical and linguistic classification of the populations studied. DNA was extracted using the phenol-chloroform method (Sambrook et al. 1989 ) and stored at À70°C.
DNA amplification
Using the polymerase chain reaction (PCR), each DNA sample was amplified for the HERV-K insertional loci K113, K115, 11q22 and Z80898a (see Table 2 for accession numbers). With the K113 and K115 PRVIs, a single amplification reaction for each locus was performed using a primer unique for the sequence flanking the insertion and a consensus LTR primer based on a sequence present in all LTRs studied here. For 11q22, two reactions were needed. In the first PCR, flanking primers were used to detect the lack of insertion and/or the presence of solo-LTR alleles. A second amplification reaction was then conducted using the 3¢ flanking primer and the consensus LTR primer to detect the presence of the provirus insertion. For the Z80898a locus, an initial PCR was also done using flanking primers to amplify the lack of insertion allele and/or the solo-LTR as with 11q22. A second amplification reaction was then performed to avoid missing the insertion allele (solo-LTR) in heterozygous individuals due to the preferential amplification of the smaller allele (lack of insertion). In this confirmatory reaction, the presence or absence of the insertion was assayed using the consensus LTR primer and a 3¢ flanking primer (Z80898a) different from the one employed in the first reaction. An internal standard, consisting of primers corresponding to the 3¢ flanking region of a monomorphic HERV-K insertion and the consensus LTR was included in this amplification to detect false negatives. The sequences of primers utilized in PCRs are given in Table 2 . Amplifications were performed in a total volume of 15 ll containing 200 lM of each dNTP, 3 U Taq polymerase, 1.5 mM MgCl 2, 10 mM Tris-HCl (pH 8.3) and 50 mM KCl, in a Thermal Cycler 480 (Perkin Elmer, Wellesley, MA) with an initial denaturing step of 94°C for 4.5 min, then 35 cycles with the following parameters: 1 min at 95°C, 1.5 min at annealing temperature (see Table 3 ), 6 min at 72°C and a final extension step of 10 min at 72°C. Specific PCR conditions for the various amplifications are summarized in Table 3 . The amplicons were electrophoresed in 2% agarose, 1X TAE gels with HaeIIIdigested /X174 DNA as size marker.
Data analysis
Allelic and genotypic frequencies were determined using the gene counting method (Li 1976 ). Observed and expected heterozygosities were calculated using the Biosys-2 program (Black 1997) . The state of genetic equilibrium (Hardy-Weinberg) was evaluated by means of the Chisquare test with Bonferroni corrections. The degree of genetic differentiation among populations was assessed with the G-test (Carmody 1991) . Power of discrimination (PD) was calculated following the method of Desmarais et al. (1998) . Inter-and intra-population components of genetic variation were generated by means of the DISPAN program (Ota 1993 A maximum likelihood (ML) phylogenetic tree was derived from allelic frequencies using the PHYLIP package version 3.6 (Felsenstein 1989) . A hypothetical outgroup homozygous for the lack of the insertion allele in all four loci was used for rooting the tree. Statistical support for the branch nodes of the dendrogram was ascertained using bootstrap analysis of 1,000 replicates. The relative degree of gene flow experienced and/or effective population size of the populations was estimated by plotting the distance from the centroid versus the heterozygosity as described by Harpending and Ward (1982) . Principal component (PC) analysis was performed with the NTSYpc program version 2.02i (Rohlf 1993) to reveal the genetic relationship among the different populations.
To better understand the relationships between the four PRVIs examined in this study (K113, K115, 11q22 and Z80898a) and a group of previously reported fixed HERV-K insertions, a phylogenetic analysis of these two groups was conducted using a conserved 968 bp LTR sequence. The fixed HERV-K elements examined are human-specific and were previously reported in Medstrand and Mager (1998) as members of Cluster 9 in their dendrogram. For simplicity, we have designated all fixed solo LTRs by letter (fixed solo B-G). The GenBank accession numbers for these fixed loci are: fixed Solo B (AC002508), fixed Solo C (U73641a), fixed Solo D (L47334), fixed Solo E (Z84493), fixed Solo F (AC002350) and fixed Solo G (U47924). As per Medstrand and Mager (1998) , a letter at the end of an accession number indicates the presence of more than one LTR within the entry (e.g., U73641a and Z80898a). To generate the dendrogram, sequences were aligned using Clustal-X, edited in McClade and used to construct a neighbor-joining (NJ) tree with absolute genetic distance. Bootstrapping was performed with 1,000 bootstrap replicates using PAUP, version 4.0. In order to illustrate the distances between these sequences, NJ distances were utilized in Clustal-X to derive a PC plot using NTSYpc program version 2.02i.
Results
The insertional frequencies of the four HERV-K PRVIs examined in the nine populations are displayed in Table 1 . The lowest frequency for the Z80898a insertion allele was found in Cameroon and the highest in the Ami from Taiwan with an overall occurrence of 39.3%. The insertion values at the Z80898a locus exhibits a trend from highest in East Asia, intermediate in Europe and the Middle East, to lowest in sub-Saharan Africa. On the other hand, the K-115 provirus is lowest in China (4%) and highest in Rwanda (22.4%) with an overall frequency in the nine populations of 12.7%. This clinal distribution is the inverse of that observed for Z80898a. In the case of K-113, the highest insertion frequency was found in Kenya (35.9%) and the lowest in Europe ($2.0%), with an overall frequency of 12.2%. Regionally, the K-113 insertion is highest in sub-Saharan East Africa (average 29.2%), intermediate in East Asia (average 14.3 %), and lowest in the Middle East and Europe (average of 3.6%). The 11q22 proviral insertion was detected at lowest frequencies in East Asia (average 3.9%) and much higher outside of East Asia (average 55.7%). The highest frequency of the 11q22 solo-LTR allele was found in East Asia (average 87.3%), intermediate in Galicia (61.9) and lowest in sub-Saharan Africa (average 26.7%). The proportion of the 11q22 solo-LTR to full length provirus is lower than 1 in Africa, the Middle East and Europe (except in Galicia) and higher than 10 in East Asia.
The highest overall heterozygosity values are observed among the sub-Saharan group of populations; the Middle East, Europe, and East Asia follow in decreasing order (Table 4 ). All nine populations except Cameroon exhibit substantially lower than expected heterozygosities for the Z80898a locus. This observed heterozygosity deficit ranges from 75 to 33% of the expected values. The Chi-square test for Hardy-Weinberg equilibrium with Bonferroni corrections detected significant differences from the expected genotypic frequencies at Z80898a in the Basque Country, China, Egypt, Galicia, Rwanda and the Ami aborigines of Taiwan. Overall PD values for the populations studied range between 0.3697 (K115) to 0.7323 (11q22) with an overall for all loci combined of 0.9591 (Table 5 ). The G-paired test (Table 6 ) displays evidence of genetic differentiation in all the pair-wise population comparisons except for 255) . In order to investigate the allocation of genetic variation at the intra-(Hs) and inter-(Gst) levels, the nine populations were analyzed as a whole set as well as subdivided into sub-Saharan, North African/Arabic Peninsula, East Asia and European groups of populations (Table 7) . At the intra-population level, the sub-Saharan group of populations possesses the highest overall Hs value (0.400) while the East Asians have the lowest (0.254). Except for Z80898a, the sub-Saharan group exhibits the highest Hs values. In terms of inter-population variation, the worldwide set of populations provided the highest Gsts, both for each individual locus and overall, while the North African/Arabic Peninsula generated the overall lowest values. The sub-Saharan and the East Asian populations cluster at opposite ends of the ML tree (Fig. 1) while the Middle Eastern groups exhibit an intermediate position between the two. A hypothetical ancestral population set at zero for all insertional alleles at the four loci segregate with the sub-Saharan groups. Except for the split between Kenya and Rwanda, the bifurcations' statistical support are all above 50% with one-half of the bootstrap values above 90%. The hypothetical outgroup clustered with the Cameroon population with a bootstrap value of 100%. The PC (Fig. 2) In the Centroid analysis (Fig. 3 ) the sub-Saharan populations plot above the theoretical regression line. This is indicative of higher than average gene flow and/ or effective population size. The other groups from northern Africa, Asia, and Europe segregate below the regression line, diagnostic of lower than average gene flow and/or effective population size.
Two clades are clearly evident in the phylogenetic analysis of PRVIs and fixed HERV-K insertions Fig. 1 Maximum likelihood (ML) tree derived from the allelic frequencies of the four human endogenous retrovirus K (HERV-K) loci in the nine populations analyzed in this study using the distance of Nei and Roychoudhury (1974) . Numbers indicate bootstrap support for interior tree branches (Fig. 4) . One clade in the tree contains the fixed 5¢ and 3¢ LTRs of the intact provirus HERV-K10, all but one of the PRVIs, and the fixed solo LTR C. The other clade encompasses four fixed solo LTR elements (D, E, F and G) as well as the Z80898a PRVI in the form of a solo-LTR. Fixed solo-LTR B is positioned basally to both groups. Nine out of 14 bifurcations exhibit bootstrap values above 50% and 7 out of 14 nodes are at or above 90%. The split separating the two main groups of LTR sequences is supported by a bootstrap value of 100%. To assess the genetic distance relationship of the PRVIs examined in this study and other human-specific retroviral insertions, a PC analysis was conducted (Fig. 5) . The PC plot illustrates a dramatic distinction in the spread of most fixed solo-LTRs in contrast to younger PRVIs. The segregation of the majority of the fixed solo-LTRs over a considerable area of the graph is diagnostic of marked genetic differentiation. Fixed solo-LTRs D, F, and G cluster in the upper left-hand corner while fixed solo-LTR E and polymorphic Z80898a segregate loosely at the lower left-hand corner. On the other hand, the group composed mostly of polymorphic HERV-K insertions is located in the righthand side of the graph in a tight clump. An expansion of this compact cluster reveals (see enlarged view in Fig. 5 ) the segregation of the polymorphic loci into a compressed grouping that also includes the fixed HERV-K10 provirus. Fixed solo-LTRs B and C barely plot away from the intimate PRVI cluster.
Discussion
In the present study, four members of the HERV-K subfamily of retroviral insertions are examined as a novel genetic marker system for the study of recent human evolution. The HERV-K loci investigated provide patterns of genetic relatedness that are consistent not only with other traditional marker systems but also with reported historical and biogeographical data (Nei and Roychoudhury 1974; Cavalli-Sforza et al. 1994; Hammer et al. 2000; King and Underhill 2002; Cinnioglu et al. 2004; Semino et al. 2004 ).
Similar to previously published results that separates East Asians and Europeans from sub-Saharan Africans (Nei and Roychoudhury 1974; Cavalli-Sforza et al. 1994 ), the ML tree based on HERV-K data (Fig. 1) illustrates closer affinity of the Europeans to the East Asian populations. This dendrogram also segregates these three major biogeographical groups with high bootstrap support. At intermediate positions on the phylogram, populations that are geographically closer group together. Noteworthy is the clustering of the subSaharan African populations with a hypothetical ancestral group set homozygous for the lack of the insertion allele at all loci. This relationship supports the Out of Africa hypothesis of human origins and validates the usefulness of HERV-K insertion polymorphisms for phylogenetic studies. The segregation of a hypothetical ancestral population, lacking insertional elements at all loci, with sub-Saharan African groups has also been reported for polymorphic Alu insertions (PAIs) (Novick et al. 1998; Antunez de Mayolo et al. 2002) . The African origin of modern man is further supported by the higher genetic diversity of the sub-Saharan populations reflected in the superior effective population size and/or gene flow observed in the HERV-K Centroid analysis (Fig. 3) .
The PC analysis (Fig. 2 ) also exhibits clusters that are consistent with known genetic associations among human populations. As in the ML phylogram, the PC test places the Middle Eastern and European populations in intermediate positions in between the two extreme clusters, the East Asians and the sub-Saharan Africans. The greater diversity among the sub-Saharan populations in comparison to the Caucasian groups from the Middle East and Europe is also reflected in the lack of compactness of the former cluster. This higher level of diversity within the sub-Saharan African populations is further evident in a number of population genetic parameters discussed below. In terms of the overall observed heterozygosity values, a trend is observed in which the sub-Saharan group of populations exhibit the highest levels and a decline is evident eastward and westward toward East Asia and Europe, respectively. This cline confirms the known higher levels of diversity in sub-Saharan Africa (CavalliSforza 1998) and the expected reduction in variability as modern humans migrated to all corners of the world. It is also supportive of the Out of Africa hypothesis. These results are also reflected in the higher intra-population variation of sub-Saharan populations (Table 7) . For example, gradients of decreasing Hs values are seen bidirectionally from Africa toward Europe and East Asia. These demic flows are reflected in the individual (locusspecific) intra-population variation values, as well as in the combined levels of all loci. Similarly in the Centroid plot, the sub-Saharan African populations exhibit higher than average gene flow and/or effective population size. Since higher values of gene flow and effective population size contribute to elevated levels of diversity and heterozygosity, all of these analyses corroborate each other and validate this novel marker system.
Of particular interest are the considerable discrepancies between observed and expected heterozygosities observed for the Z80898a locus. Except for Cameroon, the other eight worldwide populations exhibit lower than expected heterozygosity values, in some instances 75% less. In connection with these observations, HardyWeinberg equilibrium expectations are violated in six of the nine populations examined even after Bonferroni corrections. In these cases, the unrealized HardyWeinberg premises are likely to be the result of heterozygous deficit. It is possible that heterozygotes may be under negative selection pandemically. Previous studies have proposed the possibility that the Z80898a locus is under bidirectional selection, possibly due to its close proximity to the multi-histocompatability complex (Medstrand and Mager 1998) .
In terms of the PD afforded by these polymorphic HERV-K insertions, it is quite remarkable that only four loci are capable of generating an overall PD value of 0.9591. With the discovery of additional PRVIs, PD values will augment and provide an excellent genetic system for individual diagnosis and identification. In other words, these polymorphic retroviral markers have the potential of complementing other more traditional medical and forensic systems.
In order to examine the genetic relationships of the four PRVI elements to a number of human-specific fixed HERV-K insertions, a NJ phylogram was generated (Fig. 4) . The clustering of the polymorphic loci together Fig. 4 The neighbor joining (NJ) tree of HERV-K elements was generated utilizing Gregorius' absolute genetic distance (1984) . To explore the phylogenetic affinities among the PRVIs examined in this study as well as their relation to fixed HERV-K loci, a NJ analysis was performed based on a 968 bp long terminal repeat (LTR) sequence. The fixed loci encompass members of Cluster 9 as reported by Medstrand and Mager (1998) . The following list includes the fixed solo LTRs investigated in this analysis and their GenBank accession numbers: Fixed Solo B (AC002508), C (U73641a), D (L47334), E (Z84493), F (AC002350), and G (U47924). As designated in Medstrand and Mager (1998) , a letter was added at the end of the accession number of fixed solo-LTR C (e.g., U73641a) to indicate the presence of more than one LTR within the entry as well as their segregation from the fixed solo-LTRs confirms the greater genetic similarity among the most recent polymorphic insertions in contrast to the older fixed elements. Although a fixed provirus (HERV-K10) and two fixed solo-LTRs (B and C) cluster with the PRVIs, and a PRVI segregates with the fixed solo-LTRs, there is an evident and basal (within the tree) separation of these two categories of HERV-K insertions. The location of Z80898a within the fixed solo-LTRs may be indicative of an older than usual provirus and/or a greater accumulation of genetic changes at this locus. The notion of Z80898a representing a locus under balancing selection may help explain the persistence of the retroviral insertional polymorphism in spite of its mature age. Since the sequence divergence between the 5¢ and 3¢ LTRs starts just after the insertional event, it is reassuring to observe the segregation of homologous LTR pairs as sister sequences in most of the proviral elements. From a practical perspective, the sequence relationships afforded by this NJ analysis may allow us to pinpoint diagnostic nucleotide differences capable of identifying recent retroviral insertions. Additional PRVIs would add to the usefulness of this novel genetic marker system as a diagnostic tool for individual identification as well as for phylogenetic analysis.
As reflected in the NJ dendrogram, the PC analysis illustrates a clear separation between the fixed solo-LTR loci and the polymorphic HERV-K insertions. The PC plot also illustrates large genetic distances between the predominantly fixed solo-LTR group and the close aggregation consisting mainly of polymorphic HERV-K insertions. Furthermore, D, E, F and G fixed solo-LTRs as well as Z80898a exhibit considerable genetic distance from each other. Although fixed solo-LTRs D, G and F segregate somewhat proximal to each other, fixed solo-LTR E and Z80898a are distant to each other and to the former solo-LTR trio. The distant geography of these five loci most likely is indicative of substantial divergence time in comparison to the small separation observed among most of the PRVIs. The tight conglomeration displayed by the polymorphic insertions most probably is the result of limited divergence time among them. These PRVIs most probably represent more modern insertional events. Although the fixed solo-LTRs B and C as well as the HERV-K10 monomorphic provirus plot close to the PRVIs, they clearly segregate away from the intimate cluster of polymorphic insertional loci. The fixed soloLTRs B and C, and HERV-K10 may represent insertional events somewhat older than the PRVIs.
